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Introduction

21
Cement Hydration
22
Concrete is the second most commonly used industrial material in the world after water 23 [1] . Concrete typically contains water, cement, coarse aggregates, and fine aggregates. Portland 24 cement is the world's most commonly used cement in concrete. Global production and 25 consumption of portland cement have been increased within past years [2] . In 2012, cement 26 consumption throughout the world were 3736 million tons [1] . Cement hydration is the 27 fundamental process which is responsible for heat release, strength gain, and microstructural 28 development of concrete [3] . Clinker contains four main compounds ( 
32
The principle hydration reactions of the main compounds of clinker are shown in Eq. (1) 33 through Eq. (4). 
Factors Affecting Hydration Rate
53
Hydration rate varies for different cementitious materials, mixture properties, and 54 conditions. Chemical compositions of cementitious materials, w/cm, applied pressure, particle to performance characteristics of the glass mixtures. Federico [55] performed an extensive study 101 on the influence of glass powder on reaction kinetics and performance properties of cementitious 102 mixtures.
103
Introduction to Microstructural Modeling of Hydration Process
104
Microstructural modeling is a helpful tool to obtain better understanding of cement 105 hydration and microstructure development [6] . Mechanical and performance properties of concrete 106 are directly related to the development of concrete microstructure, which is the consequence of 107 progress in cement hydration [6, 56] . Cement hydration is a complicated system making hydration 108 difficult to model [57] . This complexity is the main reason for which there has not been developed having passed from invention of cement [58] . Nevertheless, many efforts have been made during fraction size and combined types and particle sizes of finely ground glass cullet.
116
Background of Microstructural Modeling
117
Single Particle Model
118
The Single Particle Model was developed based on growing hydration products in layers 119 on single spherical particles by Kondo and Kodama in 1967 [64] . This model suggested that the 120 first layer of hydration products creates a protective layer, making dissolution harder and ending 121 the induction period. This layer is then consumed and acceleration period begins. Clifton et al. [65] 122 proposed a diffusion-based single particle model for C3S which has similar fundamentals to the 123 Kondo and Kodama's model [64] ; but has stronger mathematical bases. The strong point of this 124 model is its ability to account for the continuous integrity of products layers through the 125 boundaries. In addition to the mathematical models, some single-particle-based empirical models 126 have been developed. Parrot and Killoh [66] performed an X-ray diffraction (XRD) analysis to 127 extract a dissolution model considering cement types and sizes, w/cm, and relative humidity (RH). [72] showed that BNG models can deliver more significant and realistic results compared to the 158 JMAK models. On the other hand, the BNG model is just an estimation which means that the exact 159 boundary condition would not be evaluated and hydration of C3S is only accounted for.
160
Additionally, the BNG model is developed for a fixed surface area which is not true in real world.
161
Hydration Simulation Model
162
It should be noted that this type of models has a significant difference with those mentioned 163 above. The single particle and nucleation and growth models are mathematical models based on 164 scientific theory, whereas simulation models are the visualized applications of those principals.
165
Currently, advances in computer technologies have paved the way for researchers to study 166 complicated hydration of cementitious materials accurately and in more details [64] . The first The principles of the µic (reads mike) were obtained from the approach outlined by Navi 213 and Pignat [77] . µic has been designed in a way that it can be improved as our knowledge of 
Glass Cullet
247
Clear and green glass was used in this study because previous research results showed that 248 clear glass is the most commonly available type of glass and green glass has the highest pozzolanic 249 reaction. Small impurities are added as coloring agent in glass production. These coloring agents 250 change the glass composition and structure. The source of clear glass was waste window glass 251 collected from recycling company at Kansas City, KS, and the source of green glass was bottle 252 glass from the same bottle manufacturer and bottle type collected from recycling center in 253 Manhattan, KS. The glass was washed and dried to remove any residues before crushing. After 254 crushing to smaller than 1.18 mm (No. 16), glass particles were milled in a laboratory ball mill.
255
After ball milling, the glass was wet-sieved using a sieve with 25 µm openings and isopropanol.
256
In addition to single glass types and particle sizes, one combination of the two glass types, green 257 and glass, and one narrow size ranges, 0-25 µm, were used in this study. The chemical 258 compositions of the glass powders used for this study are shown in Table 3, while Table 5 
280
Paste samples with or without the glass powder were wet-cured beginning at six hours after casting 281 at three curing temperatures in a temperature-controlled chamber.
282
Isothermal Calorimetry
283
The hydration rate and total heat of hydration of cement were measured using an eight- determined. For this study, the size of the virtual paste cube is set to be a 100 x 100 x 100 voxel 341 cube. Figure 4 shows a screen shot of the Reactor window.
Figure 4. Reactor window in µic 344
Step 2 -Materials Defining
345
Clicking on the "Materials" tab, a new window is opened in which all constituents used for 346 modeling are defined. The constituents and properties used for cement hydration modeling are 347 summarized in Table 6 . Initial fractions of some constituents are volume percentages of those 
C3S
) and C-S-H layer formed on the C3S particles. Table 7 lists the reactants and corresponding
359
products layers. Figure 6 shows a preview of Particle Models window.
360 Table 7 . List of reactants and corresponding products used for modeling in µic "Reactions" window allows users to define and customize different hydration equations.
376
In this study, hydration equations (8), (9), and (10) are plugged into µic. As shown in Figure 7 .
377
Figure 7. Particle Models window in µic 379
Step 5 -Plugins
380
"Plugins" is a list of several types of hydration model. Users are able to select desired 381 model depending on objective of the modeling, or add new customized plugins in Java to the list.
382
As mentioned earlier, this study uses Avrami model for cement hydration. Figure 8 shows how
383
Avrami model is selected. Step 6 -View Plugins
393
This window allows users to control all determined plugins.
394
Step 7 -Run constituents, but simulated through separate models to determine the reaction rate parameters to 406 use for each material by itself. Table 8 shows the properties of the individual types of glass in µic. In the "Particle Models" window, gradations of glass particles obtained from laser particle 410 size distribution device were defined. Reactants and products layers on glass particles were also 411 determined. Table 9 lists the glass reactants and corresponding hydration products. where N is shorthand for Na2O. Using the material densities shown in Table 8 The last step for modeling the pozzolanic reactivity of glass cullet was to obtain the Avrami 425 constants. These constants were attained through a trial-error process used in modeling to fit to the 426 CH content calculated curve determined by TGA measurements.
407
427
Combined glass types and particle sizes 428 The process of the modeling Mix 2 was the same as that previously outlined for cement Mix 2 and earlier materials is that the initial fractions of both Clear glass smaller than 25 µm and
433
Green glass smaller than 25 µm are 0.07275 instead of 0.1455 (see Table 8 ).
434
Results and Discussions
435
Avrami Constants for Cement
436
The Avrami constants found from fitting the model degree of hydration to the degree of 437 hydration found from isothermal calorimetry for three compounds of cement are shown in Table   438 10. Figure 11 shows the fit obtained from the modeling to the measured data. The first interesting point is that the modeling of Mix 2 pozzolanic reactivity was in well words, the effect of particle sizes of on glass cullet pozzolanic reactivity could not be accounted 
Conclusion
482
The objective of this study was to microstructurally model cement hydration and 483 cementitious systems containing single glass types and sizes and combined glass types and sizes.
484
In order to achieve these goals, a newly developed modeling platform called "µic" was used. 
